Microbubbles are currently used as contrast agents for diagnostic imaging on account of their high scattering efficiency and non-linear response to ultrasound. The exact nature of this response depends not only upon the bubble size and imposed sound field but also the bubble environment: physical properties of the surrounding liquid, bubble surface coating, ambient temperature, pressure and proximity to other bubbles or surfaces. This dependence can potentially be exploited for the microscale interrogation of a liquid to detect, e.g. changes in viscosity or the presence of particular chemical species. To facilitate this, the sensitivity of the microbubble acoustic response to changes in its environment must be analysed. The aim of this study was to provide a theoretical framework for this. A modified Rayleigh-Plesset equation was derived to describe the radial bubble motion, including the effects of gas diffusion and adsorption/desorption of a surfactant coating, and coupled to an equation describing microbubble translation. The presence of a rigid boundary was also included in the simulations. A sensitivity analysis was performed for the effect of each of the physical variables upon the bubble response, which indicated high sensitivity to species altering the dynamic surface tension and proximity to a boundary.
INTRODUCTION
Microbubbles have been in clinical use now for several decades as agents for contrast enhancement in diagnostic ultrasound imaging. Their effectiveness is due both to their high scattering efficiency and the non-linearity of their response to ultrasound which enables the signals from microbubbles to be distinguished from those from the surrounding tissue as they contain different frequency components [1] . The potential to use microbubbles for quantification, for example of tissue perfusion, and also for non-invasive measurement of hydrostatic pressure has been the subject of research for some years [2] .
These applications rely on the fact that the signal radiated by microbubbles under ultrasound excitation depends upon their size distribution and concentration, the local temperature and pressure and the frequency and intensity of the ultrasound field. In addition, however, the microbubble response is strongly dependent upon the presence and nature of any coating on the bubble surface, proximity to other bubbles or surfaces and the physical properties of the surrounding liquid [3] [4] [5] . This dependence can potentially be exploited for the microscale interrogation of a liquid for example, to detect changes in viscosity or the presence of particular chemical species in biosensing applications. For microbubbles to be used effectively as sensors, however, the relationship and the sensitivity of the microbubble acoustic response to changes in its environment must be fully characterised. The aim of this study was to develop a theoretical model to facilitate this and utilise the results of a sensitivity analysis for the design of a microbubblebased measurement device.
THEORY Bubble Dynamics
Microbubbles oscillate volumetrically under ultrasound excitation due to their high compressibility. However bubbles can also undergo translational motion due to the steady pressure gradient produced by the propagating wave.
Translational motion of the bubble is usually neglected in bubble models used to simulate ultrasound contrast agents which instead only describe the radial dynamics. These equations are usually derivatives of the RayleighPlesset or, more correctly, the Rayleigh-Plesset-Noltingk-Neppiras-Poritsky (RPNNP) equation [6] 
In Eq.(1) R is the bubble radius with initial value R 0, R is the velocity of the bubble wall, R is the acceleration of the bubble wall, p v is vapor pressure, γ is the polytropic constant, σ is the surface tension, µ L is the viscosity of the liquid, p ac is the acoustic pressure, ρ L is the density of the liquid and p 0 is the hydrostatic pressure of the liquid.
A coupled set of equations for the radial and translational motion can be derived, Eq. (2)- (3), using the Lagrangian method used by Doinikov [7, 8] . However the RPNNP equation only describes the motion of an uncoated bubble. It is well known that the properties of the coating can have a large effect on bubble dynamics and there are several models in the literature that describe coated microbubbles [3, 4, 9, 10] .
Here, σ 0 is the initial surface tension, σ is the variable surface tension and k s is the variable surface viscosity. Both σ and k s are treated as functions of surface molecular concentration Γ, relations which are well known from the surface chemistry literature [11] as described below.
Uniqueness
It is essential in the interpretation of experimental results, that the theoretical model describing the bubble dynamics yields a unique set of parameters describing the bubble coating material and/or surroundings. Starting with Eq. (4), where interfacial tension and viscosity are modeled as continuous functions of surface molecular concentration, ߁, obeying the experimental observations of a power law and exponential relationship [4] , we have:- 
Where Γ 0 is the initial molecular concentration, Κ is the power law constant, y power law exponent, z surface viscosity exponent, k so surface viscosity constant, R y is the buckling radius. Existing experimental data, [9] for microbubbles indicate that surface tension and viscosity may be described by constant coefficients in the relationships shown in Eq.(4). Thus, allowing y=z=0 and rewriting in the form: 
Time Dependence
The above equation, however, assumes constant shell parameters and cannot explain certain experimentally observed phenomena, in particular changes in the bubble equilibrium radius and non-linear character which may occur over the course of a single pulse. As such, they are unsuitable for modeling bubbles for bio-sensing where the time dependent change in bubble dynamics due, for example, to adsorption of molecules on to the bubble surface, needs to be captured. However a relatively new model, [12] has been developed which includes the effects of both surfactant and gas diffusion over time and the more rapid phenomenon of surfactant "shedding" from microbubbles.
There are three distinct concentration regimes in which the surfactant behaves differently: the first regime, when Langmuir absorption takes place, corresponds to concentrations close to equilibrium up to a maximum concentration, Γ*. The second regime, when the surfactant becomes insoluble in the surrounding liquid, corresponds to concentrations higher than Γ* up to the maximum packing concentration Γ max . Finally, the third regime occurs when Γ=Γ max , when the surface is unable to hold any more surfactant molecules and the film collapses [12] . These regimes are described by Eq. Surface tension is described by a linear formulation found in Ref. [13] where two regimes are defined, dependent on whether the surfactant concentration is insoluble or soluble. The image bubble method has been used by many authors [14, 15] and can be used for modeling either the interaction between two bubbles or a bubble and a rigid surface by altering the phase difference between the bubbles' responses. It is used here to determine the relative influence of a rigid boundary upon the bubble response and thus it is assumed that the two bubbles are exactly the same and oscillating in phase with each other, i.e. and are situated at the same distance from the wall, d. This model can also describe translational motion of the bubble due to the pressure wave, by including the coupling terms in the translational and the radial equations described above.
Image-Bubble Method

Sensitivity Analysis
A sensitivity analysis was carried out to determine how the bubble response varied with σ(Γ), k s (Γ) which would characterise an adsorbed surface coating over a range of frequencies and acoustic pressures. The model used is based on the formulation found in the Ref. (14) but employs the radial equation of Eq. (4) with Eq.(8-10) to investigate how lipid shedding and the presence of the wall would affect the bubble dynamics. This analysis was carried out by varying the initial Γ over three values for differing frequencies and pressures; then repeating these simulations for differing distances from the wall to gauge how sensitive the bubble response is over this parameter space. All simulations were performed using a 4 th order Runge-Kutta method in the form of ode45 in MatLab R2012b with the parameters in Table. 1 unless otherwise stated. 
RESULTS AND DISCUSSION
It was found that the bubble was most sensitive to Γ (Fig. 2) , which had a much more significant influence than the hydrostatic pressure or the liquid viscosity. It was also found that the presence of the wall has a proportionally larger effect on larger bubbles, Fig. 2. 
FIGURE.2.
All bubbles have an equilibrium radius of 3.52 µm and the other parameters are as given in Table 1 , unless otherwise stated;(a) comparing an uncoated bubble Γ=0, coated and a coated bubble a distance 2R 0 from the wall, (b) effect of varying surface viscosity, (c) effect of varying surface tension.
It has been shown that theoretically a microbubble is characterized by a unique set of parameters which could be determined from experimental measurements.
However when experimental uncertainty is considered, for example the +/-15% on the value of acoustic pressure (as measured by a calibrated hydrophone), this has an effect on the accuracy of Γ. This relates to a change in the radial oscillations of +/-15% and indicates that the restrictions on experimental uncertainty are significantly more stringent for bio-sensing applications than conventional acoustic measurements. 
SUMMARY AND CONCLUSIONS
A modified Rayleigh-Plesset equation was derived to describe the radial bubble motion, including the effects of adsorption/desorption of a surfactant coating, and coupled to an equation describing the translation of the microbubble. The presence of a rigid boundary was also included in the simulations. A sensitivity analysis was then performed for the effect of each of the physical variables in the model upon the bubble response. It was discovered that the radial dynamics were most sensitive to the shell parameters, followed by a bubble's proximity to a boundary. Larger bubbles were found to be affected more by the presence of the boundary than small bubbles, whereas the effect of changes in the shell parameters was size independent.
